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Abstract
Brain-derived neurotrophic factor (BDNF) and Neurotrophin 3 (NT-3) are members of the neurotrophin family and are expressed
in the developing and adult tongue papillae. BDNF null-mutated mice exhibit specific impairments related to innervation
and development of the gustatory system while NT-3 null mice have deficits in their lingual somatosensory innervation. To
further evaluate the functional specificity of these neurotrophins in the peripheral gustatory system, we generated double
BDNF/NT-3 knockout mice and compared the phenotype to BDNF−/− and wild-type mice. Taste papillae morphology was
severely distorted in BDNF−/− xNT-3−/− mice compared to single BDNF−/− and wild-type mice. The deficits were found
throughout the tongue and all gustatory papillae. There was a significant loss of fungiform papillae and the papillae were
smaller in size compared to BDNF−/− and wild-type mice. Circumvallate papillae in the double knockouts were smaller and
did not contain any intraepithelial nerve fibers. BDNF−/− xNT-3−/− mice exhibited additive losses in both somatosensory
and gustatory innervation indicating that BDNF and NT-3 exert specific roles in the innervation of the tongue. However, the
additional loss of fungiform papillae and taste buds in BDNF−/− xNT-3−/− mice compared to single BDNF knockout mice
indicate a synergistic functional role for both BDNF-dependent gustatory and NT-3-dependent somatosensory innervations in
taste bud and taste papillae innervation and development.
Introduction
Specialized epithelial cells (Barlow & Northcutt, 1995;
Stone et al., 1995) that are located in specialized sen-
sory organs, the taste buds, give mammals the abil-
ity to taste sweet, bitter, sour, salt, and umami com-
pounds (Lindemann, 2001). Taste buds are found in
palate, tongue, larynx, etc. and are innervated by spe-
cific branches of the 7th, 9th, and 10th cranial nerves.
Taste buds on the dorsal surface of the tongue in mam-
mals are found in special structures called gustatory
papillae; namely fungiform, foliate and circumvallate
papillae. Fungiform papillae cover the anterior surface
of the tongue. In rodents, there is generally one taste
bud embedded in the epithelium of the apical portion
of each papilla. Many taste buds are also embedded in
the epithelium of the foliate and circumvallate papillae.
The peripheral taste organ is an excellent sensory
system for characterization of the interactions between
the target tissues and the nervous system. Develop-
ment and maintenance of the gustatory sensory or-
gans, the taste buds, require appropriate connections
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with gustatory nerve fibers that innervate them. It has
been shown that the development and innervation of
taste buds, as well as maintenance of the papillae hous-
ing them, are related to appropriate neurotrophin sig-
naling (see Farbman, 2003). In a classical study from
Farbman’s Laboratory (Farbman & Mbiene, 1991), it
was suggested that neurotrophic factors might be in-
volved in the establishment of the innervation of gus-
tatory papillae and taste buds. Our studies of the gus-
tatory system established that BDNF and NT-3 tran-
scripts are expressed in the developing and adult ro-
dent and human tongues (Nosrat & Olson, 1995, 1998;
Nosrat et al., 1996, 1997, 2000; Nosrat, 1998). Using
different approaches and different species, the pres-
ence of these neurotrophins in gustatory papillae and
taste buds has been confirmed (Uchida et al., 2003; Yee
et al., 2003; Ganchrow et al., 2003a, 2003b; Fan et al.,
2004).
BDNF transcripts are associated with the develop-
ing gustatory epithelium and adult taste buds and
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NT-3 transcripts with the surrounding lingual epithe-
lium. BDNF transcripts are expressed in the develop-
ing gustatory epithelium before the nerve fibers have
reached and penetrated the epithelium in both rodents
and humans, indicating a prespecialization of the gus-
tatory epithelium. NT-3 mRNA is not expressed in the
taste bud proper in rodents. Based on these anatomi-
cal findings, we hypothesized that BDNF might be re-
lated to the gustatory innervation, whereas NT-3 would
play a role for the lingual somatosensory innervation. It
was subsequently shown that BDNF null-mutated mice
exhibit specific impairments related to the innervation
and development of the gustatory system, while NT-3
null mice have deficits in their lingual somatosensory
innervation (Nosrat et al., 1997; Zhang et al., 1997).
BDNF knockout mice had malformed papillae and far
fewer taste buds than wild-type mice (Nosrat et al., 1997;
Zhang et al., 1997; Mistretta et al., 1999). Experiments
utilizing transgenic technology, have shown that BDNF
and neurotrophin 4 (NT-4) attract and support inner-
vation of lingual targets that ectopically produce them
(Ringstedt et al., 1999; Krimm et al., 2001) indicating
that tissue specific expression of BDNF is important
for appropriate gustatory innervation and connectiv-
ity in the tongue (Ringstedt et al., 1999; Krimm et al.,
2001).
In the present study, we took advantage of loss-of-
function in neurotrophin knockout mice to understand
the involvement of BDNF and NT-3 in the innerva-
tion and development of the peripheral taste system.
Based on the distinct gustatory and somatosensory
deficits that are observed respectively in BDNF and
NT-3 knockout mice, we hypothesized that deficits in
BDNF−/− xNT-3−/− mice would be additive, i.e., a sum
of both gustatory and somatosensory deficits. By ana-
lyzing and comparing the phenotype to BDNF knock-
out mice, the possible interactions between BDNF and
NT-3 were examined.
Materials and methods
BDNF (Ernfors et al., 1994a) and NT-3 (Ernfors et al., 1994b)
heterozygous mice were crossbred to generate BDNF/NT-3
heterozygous mice. One allele for each gene is nullmutated
in the heterozygous mice and these mice are viable and re-
produce. By crossbreeding the BDNF+/− xNT-3+/− mice, ho-
mozygous BDNF−/− xNT-3−/− mice were generated. We used
a PCR-based genotyping approach to identify the transgenic
mice. The homozygous double knockout mice die shortly af-
ter birth and therefore all mice used in this study were ana-
lyzed on the day of birth (postnatal day 0, P0). Procedures
were approved by the Institutional Animal User Commit-
tee (IAUC) at the University of Michigan, and the local An-
imal Research Committee of Stockholm, Sweden. P0 pups
were euthanized by decapitation and tissue samples were
used to genotype the mice as described previously (Ern-
fors et al., 1995). Tongues or whole heads were immersion
fixed overnight in 4% paraformaldehyde (PFA) in phosphate
buffered saline (PBS) at 4◦C. Tongues that were used for scan-
ning electron microscopy were kept in the fixative until pro-
cessing.
SCANNING ELECTRON MICROSCOPY
Upon use, tongues were rinsed in PBS and dehydrated in
a graded series of ethanol that was exchanged during three
subsequent washes in hexamethyldisilazane (HMDS) (Mis-
tretta et al., 2003; Mbiene et al., 1997; Agerman et al., 2003).
Residual HMDS was allowed to evaporate in a fume hood
overnight. The tongues were then mounted on stubs, lightly
sputtercoated with gold/palladium, and studied in a scan-
ning electron microscope (Amray 1000-B, Bedford, MA) at
10 kV.
IMMUNOHISTOCHEMISTRY
Tissue that had already been immersion fixed was cryopre-
served in 10% or 20% sucrose in PBS overnight, cryosectioned
(14 µm, frontal sections, Microme cryostat, Richard Allan Sci-
entific, MI) and mounted on slides. Antibodies against pro-
tein gene product 9.5 (PGP, Biogenesis LTD., Great Britain and
Chemicon, Temecula, CA) were used (diluted 1:400) to maxi-
mize visualization of the innervation apparatus of the tongue.
Cyanine 2 coupled secondary antibodies were used (Jack-
son ImmunoResearch Laboratories, West Grove, PA). Proce-
dures for immunohistochemistry were according to Hökfelt
et al. (1973). Sections were analyzed using epifluorescence
microscopy (Nikon Eclipse E600, Mager Scientific, Ann Ar-
bor, MI). Selected areas were documented using confocal mi-
croscopy (Bio-Rad Radiance 2000, Hercules, CA).
To estimate a relative number of fungiform papillae, the
papillae were counted on every fourth tissue section on
serially sectioned tongue tissue. To measure the diameter of
the fungiform papillae, the papillae were photographed and
the digital images were imported into Photoshop software
(Adobe Photoshop 7, Adobe Systems Incorporated, San
Jose, CA). There were fewer fungiform papillae remaining
in the posterior parts of the tongues in the transgenic mice,
and therefore the measurements were all done on anteriorly
located fungiform papillae (10 papillae/mouse, n = 3). The
widest portion of the papillae was measured representing
the diameter of the papillae (see Fig. 2A). The circumvallate
papillae were photographed midway on frontal sections. We
defined the midway based on the number of tissue sections
containing the papilla and the section in the middle was
selected for analysis and was photographed. The vertical
and horizontal dimensions of each papilla were measured.
The horizontal measure was the distance between two
points on each side of the papilla on the basal lamina of
the outer trench epithelium. The vertical dimension was
the distance between the highest point of the top surface
epithelium to a line connecting the bottom of the trenches
to each other. Multiplying the vertical and horizontal
measures gave a relative size of the papillae (see Fig. 3). All
measures were entered into GraphPad Instat (GraphPad
Software, Inc., San Diego, CA) software for statistical
analysis (ANOVA and Bonferroni post-hoc test) between the
groups.
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Fig. 1. Scanning electron micrographs of the dorsal surface of the tongue visualizing tongue papillae morphology in new-born
wild-type and BDNF−/− xNT-3−/− mice. Scale bars represent 100 µm in Figures A–D. (A) Many fungiform papillae (arrowheads)
are observed on the anterior part of the tongue in wild-type mice. Boxed areas 1 and 2 are examples of wild-type papillae and are
shown at higher magnification in the lower right corner of Fig. 1A. (B) Only few small-size papillae are observed on the dorsal
surface of the tongue in BDNF−/− xNT-3−/− mice. Boxed areas 1 and 2 are examples of fungiform papillae in BDNF−/− xNT-
3−/− mice and are shown at higher magnification in the lower right corner of Fig. 1B. (C) Circumvallate papilla in wild-type
mice is well-developed. The papilla is dome-shaped and the trenches are visible on each side. (D) Circumvallate papilla mor-




Many fungiform papillae were observed in wild-type
mice and they covered the entire portion of the anterior
tongue (Fig. 1A). Fungiform papillae were observed in
the posterior portion of the tongue (posterior to the
intermolar eminence). Innervation of the papillae was
assessed using immunohistochemistry to protein gene
product 9.5 (PGP). PGP is a useful marker of fine nerve
fibers. PGP antibodies label a subset of taste cells (see
Takeda et al., 2004), but since our focus in the present
study was on the pattern of innervation, it did not
impose any problems. Fungiform papillae in newborn
wild-type mice were richly innervated (Fig. 2A and B).
Many nerve fibers entered the papillae core and rami-
fied either into the taste buds or into the surrounding
epithelium. Both perigemmal and intragemmal inner-
vation components of the papillae were easily recogniz-
able (see Fig. 2B). The papillae were large (Fig. 2A and
B) and had a large diameter (39 µm± 0.5 SEM). In new-
born BDNF−/− mice (Fig. 2C and D), the innervation
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Fig. 2. (A–H) Examples of representative fungiform papil-
lae in newborn wild-type (A, B, BDNF−/− (C, D), and
BDNF−/− xNT-3−/− (E–H) mice. Immunohistochemistry to
PGP 9.5 was used to stain nerve fibers. Scale bar in A rep-
resents 25 µm and applies to Fig. A–H. (A and B) In wild-
type mice, fungiform papillae and fungiform taste buds are
highly innervated and both intragemmal and perigemmal
components of the innervations are clearly visible. The widest
portion of the papillae was measured representing the di-
ameter of the papillae (∅). The fungiform taste bud and its
intragemmal innervation are marked with arrowheads and
perigemmal innervation with arrows in Fig 2A and B. The
gross distinction of areas that receive perigemmal innerva-
tion (dashed line) and intragemmal innervation (unbroken
line) are also marked in Fig. 2B. (C–D) Fungiform papillae in
BDNF−/− mice are smaller than in wild-type mice. There are
fewer PGP positive nerve fibers in the BDNF−/− fungiform
papillae compared to wild-type mice. (E–H) The few remain-
ing dorsal surface fungiform papillae in BDNF−/− xNT-3−/−
mice are small and receive scarce innervation. There are no in-
nervated structures or areas in the papillae that resemble the
intragemmal and perigemmal innervation patterns in these
papillae as seen in wild-type papillae (compare to Fig. 2A and
B). No PGT-positive taste cells are observed in the fungiform
papillae in Fig. 2E–H.
of fungiform papillae was distorted and the peri- and
intragemmal innervation components were not recog-
nizable and the pattern of innervation was different
from that in wild-type mice. The number of fungi-
form papillae was reduced (Fig. 4A) and was only
62% of the number in wild-type mice (38% reduc-
tion). Fungiform papillae were not observed posterior
to the intermolar eminence. The papillae were smaller
(29 µm ± 0.6 SEM, see also Figs. 2A and B, and 4B)
than in wild-type mice. In BDNF−/− xNT-3−/− mice,
there was a severe loss of fungiform papillae (Figs. 1B
and 4A), and therefore possibly a subsequent loss of
fungiform taste buds; the number of fungiform papil-
lae was 15% of that in wild-type mice (85% reduc-
tion). Fungiform papillae in BDNF−/− xNT-3−/− mice
contained few nerve fibers (Fig. 2E–H) and were sig-
nificantly smaller (22 µm ± 0.4 SEM, see also Fig. 4B)
than both wild-type and BDNF−/− mice. The peri- and
intragemmal innervation patterns were morphologi-
cally indistinguishable. We did not observe any PGP-
positive taste cells and/or taste buds in BDNF−/− xNT-
3−/− mice.
CIRCUMVALLATE PAPILLAE
In wild-type mice, circumvallate papillae were well-
developed (Fig. 1C) and richly innervated (Fig. 3A and
B). There was a large subepithelial nerve plexus in the
core part of the papillae, and a large number of intraep-
ithelial nerve fibers extended into the epithelium (ar-
rows in Fig. 3A and B) from the subepithelial nerve
plexus (Fig. 3A and B). Many well-innervated taste
buds were found embedded in the top surface and
trench wall epithelia (arrowheads in Fig. 3A and B).
Circumvallate papillae in BDNF−/− mice were smaller
and contained fewer nerve fibers (Figs. 3C and D, and
Fig. 4C).
There were fewer intraepithelial nerve fibers in the
vallate epithelium (arrowheads in Fig. 3C and D) and
the subepithelial nerve plexus was reduced in size. In
BDNF−/− xNT-3−/− mice, circumvallate papillae ap-
peared underdeveloped (Fig. 1D) compared to wild-
type mice (Fig. 1C). The papillae had a distorted mor-
phology and were significantly smaller in size than
wild-type mice (Fig. 4C). The trenches were shorter
in depth than in wild-type mice. There were no PGP-
positive taste cells and/or taste buds present in the
vallate epithelium, and interestingly, no intraepithelial
fibers were observed in the epithelium (Fig. 3E and F,
arrows mark the areas of the trench and top surface ep-
ithelium). The subepithelial nerve plexus was reduced
in size (Fig. 3E and F).
ANTERIOR TONGUE
The anterior tongue is well-innervated in wild-type
mice and nerve fibers are found throughout the
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Fig. 3. (A–F) Protein gene product 9.5 (PGP) immunoreactivity in circumvallate papillae of wild-type (A and B), BDNF−/− (C
and D) and BDNF−/− xNT-3−/− (E and F) mice. Scale bar in F represents 50 µm and applies to all figures. Circumvallate papillae
are sectioned at same levels (midway anterior-posterior). (A and B) Circumvallate papillae are richly innervated in newborn
wild-type mice and many taste buds (arrowheads) and intraepithelial nerve fibers are observed. Many taste buds are observed
in the vallate top surface and trench wall epithelia. Note that there are many fine intraepithelial nerve fibers. The inner and outer
trench wall epithelia are marked with arrows in 3A and B. Lines V and H represent the vertical and horizontal dimensions of
each papilla that were used to measure the relative sizes of the papillae. The horizontal measure (H) is the distance between two
points on each side of the papilla on the basal lamina of the outer trench epithelium. The vertical dimension (V) is the distance
between the highest point on the top surface epithelium to a line connecting the bottom of the trenches to each other. (C and D)
Circumvallate papillae are smaller in BDNF knockout mice and the total amount of nerve fibers in the papillae is reduced. No
taste buds are observed in these figures, and there are few intraepithelial nerve fibers. The subepithelial nerve plexus is reduced
in size compared to wild-type mice. (E and F) Circumvallate papillae have a distorted morphology in BDNF−/− xNT-3−/− mice.
The papillae are smaller in size than in both BDNF knockout and wild-type mice and the trench is shorter in length. There are
no PGP-positive taste cells present in the vallate epithelium. Interestingly, there are no intraepithelial fibers in the epithelium.
The subepithelial nerve plexus is reduced in size.
tongue subepithelially (Fig. 5A) and are presumably
somatosensory nerve fibers. The amount of subepithe-
lial nerve fibers did not change in BDNF−/− mice
(not shown). However there was a reduction in the
amount of nerve fibers in the subepithelial plexus in
BDNF−/− xNT-3−/− mice (Fig. 5B). This loss is clearly
shown in Fig. 5. We have previously reported a similar
reduction of the nerve fibers in the subepithelial nerve
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Fig. 4. Percentage changes in the relative number of fungiform papillae (A), diameter of the fungiform papillae (B), and size of
the circumvallate papillae (C) in wild-type, BDNF−/− and BDNF−/− xNT-3−/− mice.
Fig. 5. Protein gene product 9.5 (PGP) immunoreactivity in the anterior tongue of wild-type (A) and BDNF−/− xNT-3−/− (B)
mice. Anterior tongue shown here is devoid of fungiform papillae. Note that there are only few nerve fibers found in the
subepithelial nerve plexus (arrows) in the double knockout mice compared to wild-type mice.
plexus in single NT-3 knockout mice (Nosrat et al.,
1997).
Discussion
Specific gustatory deficits observed in single neu-
rotrophin knockout mice are dependent on the specific
loss of that neurotrophin (i.e., a consequence to the loss
and/or possible developmental adaptations to the null
mutation of a particular neurotrophin gene). Thus, such
deficits in double neurotrophin knockout mice would
be additive only if different neurotrophins exert dif-
ferent functions and utilize different modes of action.
Two candidate neurotrophins with distinct and differ-
ent modes of action in the innervation of the tongue
are BDNF and NT-3. In contrast, combinatorial gene
deletion of neurotrophins with similar modes of action
and function would therefore show subtle differences
from the neurotrophin knockout phenotype that is most
predominant (i.e. the phenotype is masked by the phe-
notype of the dominant neurotrophin). If so, this would
indicate that the spatial and/or temporal expression of
a neurotrophin regulates the neurotrophin responsive
neurons. Two neurotrophins that exhibit rather simi-
lar defecits in the anterior tongue are BDNF and NT-
4. To test these hypotheses, we have generated mice
with nullmutation in bdnf and nt-3 or bdnf and nt-4
genes. The present study analyzes the phenotype of
the BDNF−/− xNT-3−/− mice. To understand the spe-
cific functions of BDNF and NT-3, and to study the
interrelationship between gustatory and somatosen-
sory nerves, the phenotype in BDNF−/− xNT-3−/− mice
was compared to both wild-type and BDNF−/− mice.
BDNF−/− xNT-3−/− mice show additive (somatosen-
sory and gustatory) deficits indicating distinct and sep-
arate roles for either neurotrophin in the innervation of
the tongue. There is a clear loss of gustatory innerva-
tion that is reflected in the loss/reduced size of gus-
tatory papillae and taste buds. There is a loss of NT-3
dependent somatosensory innervation as seen in the
subepithelial nerve plexus in the tongue. We did not
observe any gustatory deficits in the single NT-3 mice
(Nosrat et al., 1997). However, the unexpected severe
loss of fungiform papillae and PGP-positive fungiform
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taste buds in BDNF−/− xNT-3−/− mice compared to
single BDNF null mice indicates a clear necessity for the
presence of both gustatory and somatosensory nerve
components for normal development of taste buds and
fungiform papillae. The loss of taste buds and fungi-
form papillae is not a simple additive effect of the ad-
dition of the phenotypes in a single BDNF−/− and NT-
3−/− since there are no gustatory deficits in single NT-3
knockout mice. This indicates that some of the functions
of the NT-3 dependent somatosensory innervation are
compensated by the presence of BDNF dependent gus-
tatory nerve fibers in the gustatory papillae in NT-3
knockout mice.
The total loss of intraepithelial nerve fibers in cir-
cumvallate papillae is another interesting finding in
the double knockout mice. While there are still some
intraepithelial nerve fibers present in the circumvallate
papillae of BDNF−/− mice, the somatosensory and gus-
tatory nerve fibers are lost in the circumvallate papil-
lae of BDNF/NT-3 double knockouts. The remaining
nerve fibers in the core part of the circumvallate and
fungiform papillae could indicate that not all nerves in
the gustatory papillae are gustatory or somatosensory.
It is possible that contributions from the autonomic ner-
vous system are found in the papillae and are involved
in the innervation of the gustatory papillae. Indeed,
two potent neurotrophic factors for the autonomic ner-
vous system, glial cell-line-derived neurotrophic fac-
tor (GDNF) and neurturin (NTN) are expressed in the
developing tongue (Nosrat, 1998) and their receptor
components are found in the lingual ganglia that are
scattered through the anterior portion of the tongue
and in the Remak’s ganglion in the circumvallate papil-
lae (Nosrat, 1998). There is a recent report in which
GDNF and one of its receptor components have been
detected in gustatory papillae and taste buds using im-
munohistochemistry (Takeda et al., 2004). Farbman and
Hellekant (1978) demonstrated that not all nerve fibers
are lost from gustatory ganglia upon transection of the
lingual nerve. These remaining nerve fibers are how-
ever lost upon superior cervical ganglionectomy. an-
other possibility is that neurotrophic factors other than
BDNF and NT-3 support the gustatory and somatosen-
sory neurons. GDNF has been shown to elicit exten-
sive neurite outgrowth from the geniculate ganglion
(Rochlin et al., 2000).
We recently showed that there is no general mecha-
nism with which different neurotrophins can substitute
for the action exerted by another neurotrophin, and this
seems to be dependent on the specific organ system
rather than the neurotrophins themselves (Agerman
et al., 2003). We generated transgenic mice in which
bdnf was replaced by nt-3, resulting in expression of
NT-3 in areas where BDNF is normally produced. Our
results clearly demonstrate that NT-3 can not substitute
for the specific roles of BDNF in the gustatory system.
Interestingly, NT-3 appears to replace all of the func-
tions of BDNF in the auditory system, while it only
promotes neuronal survival in the vestibular system
without restoring function (Agerman et al., 2003).
BDNF is the most potent neurotrophin for the gusta-
tory system. BDNF is expressed in the developing and
the adult human and rodent taste buds (Nosrat, 1998;
Nosrat et al., 2000; Yee et al., 2003). BDNF is a synapto-
genic factor for BDNF responsive gustatory and retino-
tectal nerve fibers (Ringstedt et al., 1999; Choi et al., 1998;
Krimm et al., 2001). Gustatory ganglia express the re-
ceptors (trkB and p75) for BDNF (Ernfors et al., 1992;
Nosrat et al., 1998; Cho & Farbman, 1999), and BDNF
and TrkB knockout mice exhibit deficits in their gus-
tatory system (Zhang et al., 1997; Nosrat et al., 1997;
Mistretta et al., 1999; Fritzsch et al., 1997). Neurotrophin
4 knockout mice exhibit deficits in their gustatory sys-
tem in the anterior part of the tongue (Lieble et al., 1999).
Several different mechanisms are involved in bringing
specificity and selectivity to BDNF or NT-4 binding to
their common high affinity receptor TrkB and its down-
stream activation (Segal, 2003), and the mechanisms
that are involved in BDNF and NT-4 signaling in the
taste system are under investigation in our laboratories.
It has been shown that NT-3 is expressed in the de-
veloping geniculate ganglion (Ernfors et al., 1992). The
expression of NT-3 in cranial and somatic ganglia has
been proposed to promote the survival of neurons and
lack of NT-3 leads to premature differentiation of neu-
ronal precursor cells (Farinas et al., 1996; Wilkinson et al.,
1996). It is therefore plausible that lack of NT-3 is also
contributing to the loss of additional gustatory neurons
in the geniculate ganglion and leading to a more severe
phenotype in BDNF−/− xNT-3−/− than in single BDNF
knockout mice.
In summary, our findings demonstrate that BDNF
and NT-3 have specific roles in the innervation of the
tongue and its papillae. Both BDNF-dependent gusta-
tory and NT-3-dependent somatosensory innervation
components are required for taste bud and gustatory
papillae innervation and development.
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